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Metal oxide nanomaterials have a wide-range of applications that are often related to their 
structure-property relationships. Cobalt(II,III) oxide (Co3O4) is of particular interest due to its 
potential use in superconductors, gas detection and battery efficiency, among other applications. 
This work describes the synthesis of Co3O4 using rod-shaped Gram-positive bacteria Lactobacillus 
rhamnosus as a template. The motivation behind this project was to find potentially cheaper and 
environmentally benign protocols in comparison to the current solution-based methods. The effect 
of various synthesis conditions have been explored on the morphology of Co3O4 using scanning 
electron microscopy and a mechanism behind the formation of Co3O4 rods has been proposed. 
Understanding the surface chemistry of the bacteria and how it interacts with the metal cation can 
potentially lead to a generalized synthesis procedure that is easily applicable to other metal oxide 
and Gram-positive bacteria combinations with tunable morphologies.  
  




1.1. Metal oxide nanomaterials and their applications 
 
Metal oxides, specifically at the nanoscale (i.e. with dimensions at or below 100 nm), are 
being used and investigated for a wide array of potential applications1–7. Metal oxides 
feature one or more metal cations coordinated by oxide ions, and include such species as 
Al2O3, MgO, Fe3O4 and SnO, among many others. For example: metal oxides with 
conducting properties are suited for applications in electrochemistry8,9; metal oxides with 
high porosity crystal structures are well-suited for gas capture10; photoactive metal oxides 
are used in photocatalytic applications11; magnetic metal oxides are being explored for 
quantum computing, hyperthermia or targeted drug delivery2,12. 
 
There are numerous methods established to produce nanomaterials on a lab-scale, and a 
few metal oxide nanomaterials can already be obtained on a much larger production-scale13. 
However, common solution-based methods primarily produce spherical nanoparticles. 
Synthesis of other morphologies via solution-based methods require complex design 
protocols and/or expensive instruments or rely on natural evolution based on 
thermodynamics and kinetic principles7,13,14. This can be disadvantageous because many 
properties such as catalytic performance, environmental remediation, energy conversion 
and quantum computing depend on the morphology of the nanomaterial1,13,15. Hence, it is 
important to be able to synthesize nano-systems with a precise control over size as well as 
shape. Additionally, since many existing procedures can be limited by high-cost and 
hazardous reagents and/or by-products16,17, it is intuitive to develop environmentally-
benign and tailored synthetic procedures to produce a nanomaterial with desired shape and 
size. Hence, scientists have begun looking at using plant extracts, proteins, and bacteria as 
a scaffolding medium to produce various nanomaterials6,16,18. 
 




This project focuses on cobalt(II,III) oxide (Co3O4). Co3O4 is an example of a class of 
metal oxides that crystallize in a normal spinel structure (A2+B3+2O4) with close-packing 
of cations and anions19,20 (see Fig. 1.1). In Co3O4, oxide ions form a face-centered lattice 
with Co2+ occupying one-eighth of the tetrahedral holes and the Co3+ occupying one-half 
of the octahedral holes. As one would expect, Co2+ ions are surrounded by four O2- ions 
and Co3+ ions are surrounded by six O2- ions.  Each unit cell contains eight formula units, 
resulting in a composition of A8B16O32. 
 






Co3O4 was chosen because it is being explored for a wide variety of applications, 
including battery technology, microelectronics, superconductors, temperature and gas 
sensing, and solar energy absorbers10,21. With a growing list of potential applications, it is 
imperative to have a reliable synthesis procedure that can provide Co3O4 inexpensively 
and is produced with minimal environmental repercussions.  
 
1.2.3. Limitations 
As mentioned earlier, solution-based procedures for synthesis of many metal oxide 
nanomaterials exist, including for the synthesis of Co3O4. Often, these procedures involve 
the use of surfactants or known-carcinogenic reactants like Co(NO3)2 22. Reportedly, these 
procedures are also limited in that they are only able to produce nanospheres8,19,22 and 
nanocubes22,23. Researchers have sought to overcome these challenges by developing new 
methods for Co3O4 production, including the sol-gel method19,24, microwave irradiation25, 
or through the use of proteins26,27. 
Figure 1.1. The cubic spinel crystal structure of cobalt(II,III) oxide. In the figure, the yellow 
tetrahedra represent the Co2+ coordinated with O2− (red) while the blue octahedra represent the 
Co3+ coordinated with O2−. The image is reproduced from http://som.web.cmu.edu/frames2.html 
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1.3. Previous research 
 
1.3.1. Bacterial template for Co3O4 synthesis 
 
This project is inspired by the work of Shim et al.6, who proposed a comparatively safe, 
environmentally benign, and inexpensive synthesis procedure using common and fast-
growing bacteria as a template upon which Co3O4 is formed as layer. They successfully 
demonstrated the formation of Co3O4 as a complete shell around the Gram-positive 
bacteria Bacillus subtilis. Since their work primarily focused on the electrochemical 
applications of Co3O4 nanorods, they did not investigate the mechanism behind their 
formation. However, they hypothesized that the Co3O4 forms through electrostatic 
interaction between Co2+ and the negatively charged teichoic acids of the bacterial surface. 
Shim et al.6 did not explain their reasoning in selecting B. subtilis as a template, but based 
on their findings, this project sought to reproduce their experiments and attempt to answer 
the unanswered questions about the mechanism of Co3O4 formation. 
 
1.3.2. Lactobacillus rhamnosus as a template 
This project began by replicating the synthesis conditions set forth by Shim et al.6, but it 
was quickly discovered that Bacillus subtilis was not an ideal template because they form 
endospores when placed in unfavorable environments28,29, and in doing so their overall 
surface morphology changes. It is unknown how Shim et al.6 overcame this, but for the 
purposes of this project, Lactobacillus rhamnosus, a relative of B. subtilis was selected. L. 
rhamnosus is also Gram-positive (see Fig. 1.2) and features similar morphology to B. 
subtilis, but the Lactobacillus species are incapable of forming endospores30. They are 
rod-shaped, typically with diameters ranging from 0.25 – 1.0 m and lengths of 4 – 10 
m31. As a Gram-positive species, L. rhamnosus has an exposed peptidoglycan with 
phosphate-rich teichoic acids (see Fig. 1.3). 
 
1.4. Project goals 
 
The overarching goal of this project is to develop reliable and reproducible synthesis 
protocols using bacteria-templates that will allow scientists to “custom-design” 
nanomaterials for their desired applications. Therefore, it is important to identify the 
“minimum qualifications” for the Gram-positive bacterial templates as well as understand 
the mechanism behind the formation of nanomaterials on these templates. 
 
The specific goals of this project are therefore as follows: 
1. To establish synthesis conditions, using L. rhamnosus bacteria, for producing high 
purity Co3O4 nanomaterial consistent in size and shape, and  
 
2. To understand the mechanism of Co3O4 formation by evaluating the effect of synthesis 
conditions on the morphology and purity of Co3O4 produced. Specifically, 
a. the role of teichoic acids in coordinating Co2+ ions, and 
b. the importance of the magnitude of negative bacterial surface charge. 
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Figure 1.2. A cartoon representation of cell wall structure in Gram-positive vs. Gram-negative 
bacteria. The surface of a Gram-positive bacterial species, like L. rhamnosus, is rich in teichoic 
acids stemming from the exposed peptidoglycan. Teichoic acids feature a number of repeating 
phosphate groups, giving them a highly negative charge. Conversely, a Gram-negative species 
has lipopolysaccharides embedded in a cell membrane, which is largely non-polar. Image is 
reproduced from J. Nanoparticle Res. 2019, 21 (8).  
 
Figure 1.3. Chemical structure of lipoteichoic acids and wall teichoic acids. The structural 
differences between these can include sugar constituents and number of repeating units, both of 
which could affect the hypothesized mechanism of formation. Image reproduced from 
Instruments, Methods, Mission. Astrobiol. XI 2008, 7097 (March), 70970O. 
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Freeze-dried chloramphenicol-resistant Lactobacillus rhamnosus was obtained from the 
American Type Culture Center (ATCC, 27773). MRS Broth (Difco) and chloramphenicol 
(99%, Alfa Aesar) were obtained from Fisher Scientific. ACS reagent-grade (purity of  
95%) cobalt(II) chloride hexahydrate and sodium borohydride, as well as glycerol were 
purchased from Fisher Scientific. Additionally, Tween-80, 2-propanol, sodium citrate 
trihydrate, polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG) were also 
purchased at ACS-grade level from Fisher Scientific. Each chemical was used as received 
without further purification. 
 
2.2. Synthesis and characterization methods  
 
2.2.1. Bacterial preparation 
 
MRS broth preparation: MRS broth was prepared according to the instructions provided 
by the distributor i.e., mixing MRS broth powder in boiling water at a ratio of 55 g powder 
per 1 L DI water. After stirring for 2 minutes, the broth was transferred to an autoclavable 
Pyrex bottle and autoclaved at 120 °C with a 20-minute exposure time. After cooling to 
room temperature, chloramphenicol was added at a ratio of 0.02 mg chloramphenicol per 
1 mL broth and was gently shaken to dissolve the antibiotic. The broth was then tightly 
sealed and stored in a refrigerator until further use. If unopened, the broth can be stored 
up to 30 days in a refrigerator. Once opened, however, it should be used within 7 days, as 
the antibiotic will not hinder growth of any fungal contaminants that may enter the open 
bottle. 
 
Growing bacteria culture: Colonies of L. rhamnosus were grown from glycerol stocks 
(see Supplemental Information) in desired volume of MRS broth at 37.0 °C for 24 - 36 
hours in a shaking incubator. Bacteria were then isolated at centrifugation speed of 10,000 
rpm for 15 minutes, followed by resuspension in DI water. In some instances, they were 
re-suspended in 0.1 vol. % Tween-80, as described in the Table S1. The targeted optical 
density (OD), measured at 600 nm, was originally 0.5 based on the work of Shim et al.6, 
but to evaluate its effect on the mechanism, the OD was changed between 0.5 – 2.0. Based 
on trial-and-error experimentation, the ideal optical density of L. rhamnosus for the 
purposes of this project was determined to be 1.4 - 1.6 at 600 nm. A complete list of the 
synthesis parameters varied in this project can be found in Table S1. 
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2.2.2. Co3O4 synthesis 
 
To the bacterial resuspension, an aqueous solution of 0.100 M CoCl26H2O was typically 
added at no more than 10 mL/min while the resuspension was stirred at 300 rpm under 
atmospheric conditions. Typical volumes ranged from 100 - 250 mL based on the 
procedure established by Shim et al.6 After the addition, the mixture was allowed to 
continue stirring at 300 rpm for 24 - 48 hours. Then, a solution of 0.100 M NaBH4 (typical 
volumes of 50 - 125 mL, half of the volume of CoCl26H2O) was added at no more than 
10 mL/min to the stirring Co2+ - bacteria suspension and was left to react over 24 - 48 
hours in air. The NaBH4 functions as a reducing agent and was used by Shim et al.6 to 
produce Co3O4 from Co2+. Its exact role is explored more in Results and Discussion 
section. The resulting precipitate (typically varying in colors from green to brown) was 
collected using Buchner funnel with Whatman #50 filter paper. The filtered powder was 
rinsed with DI water and 2-propanol three times each to remove any unbound ions or by-
products from the bacteria decomposition. Once dry, the powder was collected and 
calcined in a quartz boat. The molar ratio of Co2+ : BH4− was altered frequently between 
syntheses, as was the addition rate of CoCl26H2O. A tabulated overview of all altered 
synthesis conditions can be found in Table S1. 
 
Calcination was carried out in a Lindbergh TF55035A-1 tube furnace. The sample was 
ramped to 650 °C over 12 hours, then held at 650 °C for another 12 hours before cooling 
to room temperature. Calcination was carried out in air, and the calcined powder was 
nearly always black and very fine. Additional calcination temperatures and ramp rates 
were tested (cf. Table S1), and their effects on the product are detailed in the Results and 
Discussion section.  
 
The following flowchart summarizes the synthesis procedure determined to be ideal for 
Co3O4 production using L. rhamnosus. 
 
 
2.2.3. Powder x-ray diffraction (pXRD) 
 
The crystal structure and composition of all the calcined powders were determined using 
a Rigaku “MiniFlex” Benchtop powder X-Ray Diffractometer. Data was collected from 5 
– 90° at 0.01° increments and was used to confirm the crystallinity and phase purity of 
calcined samples. Peak shape analysis was completed using Origin Pro 2016 software 
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(Origin Lab Corporation, Northampton, MA, USA) to obtain full width at maximum 
height (FWHM) values, which in turn were used to determine crystallite size using the 
Scherrer equation32. Details about the peak shape analysis are described in supplementary 
information. 
 
2.2.4. Fourier-transform infrared (FT-IR) spectroscopy  
 
FT-IR spectra were obtained in the 4000 – 400 cm−1 frequency range using a Perkin-Elmer 
Spectrum Two FT-IR spectrometer. FT-IR was used to determine the presence of Co2+ ⎯ 
O and Co3+ ⎯ O vibrational peaks characteristic of Co3O4.  
 
2.2.5. Scanning electron microscopy (SEM) and energy-dispersive x-ray     
spectroscopy (EDXS) 
 
Initially, surface, morphological and elemental characterization was carried out using a 
Hitachi S-4800 Field Emission Scanning Electron Microscope (FE-SEM) equipped with 
an Energy-Dispersive X-Ray unit. Later, morphological characterization was carried out 
using a Zeiss Sigma VP FE-SEM with an Oxford Instruments X-max 50 mm2 EDX 
spectroscope. The powder samples were mounted as a thin layer on a carbon tape and 
imaged using an accelerating voltage of 3000 V.  
 
2.2.6. Zeta potential 
 
Zeta potential measurements were obtained using a ZetaSizer Nano ZS90. The zeta 
potentials for each bacterial species was taken in broth, DI water, and cobalt solution. The 
pH and ionic strengths of each solution were not measured and are therefore not available 
to help expand upon the data obtained from the zeta potential measurements. 
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3. Results and Discussion 
 
3.1. Effects of various synthesis conditions on product formation 
 
Table S1 lists the synthesis conditions accompanying all the samples that were made during 
the course of this project. An abbreviated form of this list is shown in Table 3.1 for samples 
#5, #7, #8, #11, #15 and #16. These samples were chosen because they represent the 
successful syntheses that produced morphologies ranging from cubes to octahedra to 
cylinders. Since these samples are representative of the morphologies observed in this 
project, correlating their synthesis conditions to the observed morphological differences 









Prior to calcination, the as-synthesized powders formed from the reaction of CoCl2 with 
NaBH4 seem to vary. Upon introduction of borohydride to the pink cobalt-bacteria 
suspension (see Fig. 3.1.a) would often change into various colors (see Figs. 3.1.b and 
3.1.c). Further, identical reaction conditions done simultaneously would sometimes 
produce solutions of different colors. However, calcination of the resulting precipitate very 
consistently produced a black powder (see Fig. 3.1.d).  
Figure 3.1. (a) The opaque pink color typical of the cobalt-bacterial suspension. (b), (c) Two 
of the typical colors seen when cobalt, borohydride and bacteria are allowed to mix together for 
24 - 48 hrs. (d) Calcined powder of blue precipitate seen in (c). As can be seen the blue 
coloration of the powder has completely changed to black upon calcination at 650 °C in air. 
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  Table 3.1. Synthesis conditions of samples #5, #7, #8, #11, #15 and #16. Detailed information about these samples along with all 


























to 650 °C 
5A 0.5 DI water 1.09 Instant 1 hr 10 mL/min 20 hr 2 hr
5B 0.1 DI water 1.09 Instant 1 hr 10 mL/min 20 hr 2 hr
5C 0.5 DI water 1.09 Instant 1 hr 10 mL/min 20 hr 2 hr
5D 1.0 DI water 1.09 Instant 1 hr 10 mL/min 20 hr 2 hr
7A 0.5 DI water 1.00 Instant 24 hr 10 mL/min 18 hr 3 hr
7B 0.5 0.1 vol % Tween 80 1.00 Instant 24 hr 10 mL/min 18 hr 3 hr 
7C 0.5 DI water 1.00 Instant 24 hr 10 mL/min 18 hr 3 hr 
7D 0.5 0.1 vol % Tween 80 1.00 Instant 24 hr 10 mL/min 18 hr 3 hr
8A 1.931 0.1 vol % Tween 80 1.10 5 mL/min 1 hr 5 mL/min 16 hr 3 hr 
8B 0.406 0.1 vol % Tween 80 1.00 5 mL/min 1 hr 5 mL/min 16 hr N/A
11 1.467 0.05 vol % Tween 80 1.10 10 mL/min None 10 mL/min 24 hr 3 hr
15A 0.5 DI water 1.00 10 mL/min 68 hr 10 mL/min 45 hr 12 hr
15B 0.5 DI water 1.94 10 mL/min 68 hr 10 mL/min 45 hr 12 hr
15C 1.5 DI water 2.00 PVP - 1.75 g 10 mL/min 68 hr 10 mL/min 45 hr 12 hr
15D 1.7 DI water 1.00
L-Alanine - 0.02 
moles
10 mL/min 45 hr 10 mL/min 72 hr 12 hr
16A 1.995 DI water 1.00 Instant 48 hr 10 mL/min 48 hr 12hr
16B 1.995 DI water 1.00 PEG - 1.1 g Instant 48 hr 10 mL/min 48 hr 12 hr
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The color of CoCl26H2O solution is always pink at the concentrations described in section 
2.2.2. Cobalt(II) oxide is known to have a green color in bulk and develops a gray 
coloration as the particle size decreases. Other cobalt oxy-hydroxides may appear brown, 
gray, blue, yellow, etc. As such, the general formula for the as-synthesized powder in this 
project is taken as CoxOy(OH)z, while the calcined powder, which is nearly always black, 
closely matches the color of Co3O4 nanomaterials, which are a dark gray with a hint of blue 
coloration. Metallic cobalt has as a very dark gray color. It is possible that the variety of 
colors seen in this synthesis can be attributed to minor changes in pH or temperature, or 




SEM analysis (see Fig. 3.2) of sample #5B (OD = 0.1, 1 hr interaction time with Co2+, 20 
hr reaction time; cf. Table 3.1) revealed long highly aggregated rope-like structures 
approximately 2.5 m in length and 0.5 m in diameter that somewhat represented the 
desired product i.e., Co3O4 cylinders. Assuming that this is a result of bacterial aggregation, 
bacteria was re-suspended in 0.1 vol% of Tween-80 (a detergent) instead of DI water and 
the interaction time between Co2+ and the bacteria was increased from 1 hour to anywhere 
between 12 hr – 68 hr (cf. Table 3.1). 
 
  
Figure 3.2. A representative SEM image of sample from synthesis #5B. Long ropes (~ 2 - 4 m 
long and ~1 m in diameter) made of small rod-like structures are observed. These dimensions 
reflect the dimensions of the L. rhamnosus used in the synthesis. 




Figure 3.3 shows an SEM image of sample #7B (OD = 0.5, 24 hr interaction time with 
Co2+, 18 hr reaction time; cf. Table 3.1). As can be seen from the figure, these changes 
successfully resulted in 2 - 3 m-long rods that closely resembled bacteria. Since these 
rods are aggregated and covered in what EDXS confirmed to be excess cobalt oxides, the 
ratio of bacteria : Co2+ was altered by increasing the optical density of bacteria and 
decreasing the overall concentration of cobalt added to the bacterial suspension. This was 
done to theoretically place the bacteria in excess of the cobalt and prevent the excess cobalt 
from reacting and covering the rod structures. In addition, the calcined samples were 
subjected to sonication in water bath with or without capping agents such as polyvinyl-
pyrrolidone or polyethylene glycol to reduce the aggregation. 
 
While some syntheses (e.g. Sample #8B) failed to yield as-synthesized powders, others 
(e.g. Sample #13A)  produced very fine as-synthesized powders that retained their “fine 
powder” nature upon calcination at 650 C (SEM data not shown). Interestingly, some 
syntheses produced Co3O4 with unexpected morphologies. Most notably, sample #11 (cf. 
Fig. 3.4.a) and sample #16A (cf. Fig. 3.4.b) produced well-defined octahedra of varying 
sizes. Specific synthesis conditions for these samples can be found in Table 3.1.  
 
  
Figure 3.3. The SEM image of sample #7B. The observed clusters closely resemble L. rhamnosus 
and the observed coating was determined to be cobalt oxide from the EDXS analysis. The rods 
appear to be approximately 2.5 m long and 0.6 m in diameter 
P a g e  | 16 
 
 
   
Figure 3.4. Representative SEM images for sample #11 (a) and sample #16A (b). It can be clearly 
seen that both samples contain octahedra of varying sizes. Synthesis conditions for these samples 
can be found in Table 3.1 and additional details can be found in the text. 









Figures 3.5 show the EDX spectra for samples #11 and #16A. The EDX spectroscopy can 
be used to identify the elements present within a sample while it is examined by FE-SEM. 
The principle behind EDX spectroscopy is as follows: when core electrons from an atom 
are dislodged with x-rays, higher-energy electrons replace these ‘holes’ by releasing the 
excess energy in the form of x-rays. Since the atomic structure of each element is unique, 
the observed EDX spectrum is unique to that element as well. Therefore, EDXS allows for 
the determination of exact elements present within a sample with a high degree of accuracy. 
Table 3.2 lists the literature peak positions for Co and O14,33. It can be clearly seen that Co 
and O EDXS peaks observed from samples #11 and #16A match very well with the 
literature values. While the strong peak for Si observed in Fig. 3.5.a is from the Si wafer 
used for sample mounting, small peaks observed for C and P in Fig. 3.5.b can be attributed 
to leftover teichoic acids from bacteria. In addition to having no commonality in synthesis 
parameters (cf. Table 3.1) between these samples, calcined sample #11 was sonicated, 
while sample #16A was not. Therefore, these unexpected morphologies cannot yet be 
explained.  
 
Since sonication was introduced into synthesis protocol, no rod-shaped structures were 
detected in the SEM images. Therefore, in order to elucidate its effect, samples #15 and 
#16 were prepared without the sonication. In contrast to octahedra seen in sample #16A 
(cf. Fig. 3.4.b), the calcined sample #15B revealed distinct rods (~1.5 m long, cf. Fig. 
3.6.a) that not only fit the dimensions of L. rhamnosus but also much less aggregated than 
seen in sample #7B (Fig. 3.3). Further, the hollow nature of these rods can be seen in Figure 
3.6.b. The EDX spectrum of #15B (Fig. 3.7) is consistent with other samples in the sense 
that it shows primarily cobalt and oxygen. The large carbon peak can be attributed to the 
carbon tape used for mounting the sample. Also, a small peak for phosphorous may be 
attributed to the remains from the bacterial scaffolding. Additionally, as seen from Fig. 3.8., 
powder XRD spectrum of this sample matches the literature14 suggesting that rods seen in 
#15B are most likely Co3O4 with cubic spinel. Hence, sample #15B demonstrates that it is 
quite possible to produce Co3O4 rods in the shape of bacteria using L. rhamnosus as a 
template.  
Cobalt Peaks Oxygen Peak 
K1 @ 6.931 keV L1 @ 0.775 keV  
K1 @ 0.525 keV 
K1 @ 7.649 keV L1 @ 0.790 keV 
Table 3.2. The peak energy values assigned to cobalt and oxygen in EDXS analysis. These 
peaks are unique to each element, so the energy associated with them can be attributed to 
specific elements, in this case cobalt and oxygen. 
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Figure 3.5. Representative EDX spectra for sample #11 (a) and sample #16A (b). The EDXS 
analysis of the octahedra (shown as insets) shows only cobalt and oxygen peaks whose positions 
match the literature values listed in Table 3.2. Strong Si peak observed in (a) is from the Si wafer 
used to mount the sample. Small amounts of carbon and phosphorous observed in (b) could be 
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Figure 3.6. The SEM images of sample #15B. (a) shows individual rods of approximately 2 m 
in length that match the dimensions of L. rhamnosus. (b) Closer look at some of the broken rods 
reveal hollow structures, supporting the hypothesized electrostatic interaction between Co2+ and 
the teichoic acids resulting in the formation of cobalt oxy-hydroxide layer on the bacterial surface. 



















Figure 3.7. (a) The EDX spectrum of calcined sample #15B shows the presence of cobalt and 
oxygen as the prevalent elements. (b) FE-SEM image showing the elements present with arbitrarily 
assigned colors. With green representing cobalt and red representing oxygen, it is clear that Co and 
O make up the bulk of the rod-like structures in the image. Dark-blue dots represent the carbon and 
can be mainly attributed to the carbon tape used for sample mounting. See text for additional details. 




















Representative powder XRD (pXRD) spectra for as-synthesized and calcined powders are 
depicted in Figure 3.8. While lack of diffraction peaks in as-synthesized powders suggest 
that they are amorphous in nature, all calcined samples show eight distinct peaks between 
the angles of 15 - 70. Comparison of these spectra with  literature data14,25,34 confirm that 
all the calcined samples crystallize in cubic spinel crystal structure. Sources behind the 
additional peaks, such as the ones in #7B (2 = 20°), #8 (2 = 21.5°), and #16A (2 = 22°, 
35°, 53°), are currently not known. However, we speculate that they might be from other 
forms of cobalt oxide / cobalt oxy-hydroxides.  
 
To determine if the bacteria are playing a role in the synthesis, a solution of cobalt was 
mixed with borohydride at a 1:1 molar ratio under the same conditions and parameters as 
a normal synthesis. The resulting as-synthesized powder was attracted to a magnet, 
indicating that it is ferromagnetic metallic cobalt. Surprisingly, as seen from the pXRD 
spectra (data not shown), the metallic cobalt neither crystallized nor oxidized during 
calcination at 650 C in air. Nevertheless, this suggests that the bacteria are most likely 
playing a role in the formation of Co3O4.  
 
Figure 3.8. Powder XRD spectra of as-synthesized (sample #4, cf. Table S1) and calcined #7B, 
#8, #15B and #16B samples. While as-synthesized powder is mostly amorphous, the peaks 
observed in the calcined samples are indicative of cubic spinel structure for Co3O4 14. See text 
for additional details. 
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To evaluate the effect of calcination temperature, samples from initial syntheses were 
calcined at 200 C and 300 °C in air (cf. Table S1). However, the pXRD spectra (data not 
shown) for these samples were not clean enough to confirm the phase identity and purity 
of Co3O4. Therefore, a calcination temperature of 650 C was chosen because this is a high 
enough temperature to oxidize cobalt hydroxides/oxy-hydroxides, present in the as-
synthesized powders, to Co3O4 but is low enough to prevent thermal decomposition of 
Co3O4 to CoO in presence of air35. A 12-hour calcination time was selected in response to 
high levels of noise in the XRD spectra for samples calcined for less time; originally, based 
on the work of Shim et al.6, a 6-hour calcination time was used. 
 
The effect of ramp rate on the product quality was also evaluated. Since Co3O4 in the cubic 
spinel structure is the most thermodynamically stable oxide of cobalt, it was assumed that 
the rate at which temperature was ramped to 650 C did not have an impact on product 
formation, as long as the sample was still held at 650 °C for 12 hours. However, these 
syntheses occasionally produced calcined powders with mixed pink/purple and black 
coloration (Samples #10 and 12, cf. Table S1). XRD was used to analyze Sample 10 (data 
not shown), and it revealed the cubic spinel spectrum along with several unknown peaks 
of comparable intensity. These peaks were not characterized.  Since these powders couldn’t 
be separated, their identity couldn’t be established with any certainty. Hence, the ramp rate 
was increased to 12 hours. Since multi-colored calcined samples have not been observed 
with the new ramp rate, it has been used for all subsequent samples.  
 
The work of Shim et al.6 suggested a 2:1 molar ratio of Co2+ to BH4−. Samples #5B and 
#7B used a 1:1 molar ratio, as did the majority of the past syntheses. Sample #15B was the 
first to use the 2:1 molar ratio, and it was successful in producing the bacteria-shaped 
product. While the 1:1 ratio has also yielded the desired morphology, it was determined 
that a 2:1 molar ratio is better suited to synthesize Co3O4 using L. rhamnosus.  
 
Peak width analysis of pXRD spectra can provide an estimation of crystallite size, defined 
as the size of the smallest single-crystal, present in the sample. In case of nanomaterials, 
this should not be confused with the particle size which represents the overall dimensions 
of the nanoparticle. The re-arranged Scherrer equation32, shown in Eq. 1, relates the 







                      (1) 
 
Here, L is the crystallite size,  is the wavelength of x-ray radiation used to collect the 
spectra,  is the diffracted angle of the peak,  is the full width at half maximum (FWHM), 
and K is a constant that varies from 0.62 – 2.08 and is often referred to as shape factor32. 
As can be seen from Eq. 1, a plot of cos vs. (1/) should yield a straight line with a slope 
of (K/L). Therefore, knowing the values of K and , crystallite size L can be estimated. 
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FWHM values can be obtained from analyzing the peak shape. For sample #15B, in order 
to prevent over parametrization, only the five most intense pXRD peaks (see Table 3.3) 
were chosen for peak shape analysis and were fit to a composite function containing five 
Gaussian functions (cf. Eqs. S1 and S2). While Table 3.3 lists the peak positions and 
FWHM values, Fig. 3.9 shows the linear fit of cos vs. (1/) data for sample #15B. From 









Figure 3.9. A plot of cos vs. (1/) for sample #15B. Dotted line represents the linear fit to 
Scherrer equation shown in Eq.1. Crystallite size was estimated from the slope as 8.62 nm. 
See text for more details.  
Table 3.3. Peak positions (2) and FWHM () values for sample #15B. cos and (1/) values 
listed were analyzed using the Scherrer equation shown in Eq.1.  












Linear fit of Sample #15B for Scherrer Analysis
P a g e  | 24 
 
In this calculation, K = 0.89 (representative of spherical crystals with cubic symmetry) and 
 = 0.154 nm (for Cu K radiation used for pXRD measurements) were used. It should be 
noted that crystallite size estimate here is highly qualitative because of the assumption 
invoked about the shape of the crystallites in #15B and potential errors from peak shape 
analysis due to poor baseline and signal to noise ratio (See Fig. S1). Additional reasons 
include: (a) dependence of K on, besides the shape of the crystallite, the crystallite size 
distribution as well as FWHM estimation method32, (b) contributions to peak width, , 
from factors such as instrument, lattice strain and lattice defects32, and (c) validity of 
Scherrer equation is true for crystallite sizes only up to ~100 nm32. Therefore, complex 
models are required to theoretically estimate the crystallite sizes32 and Transmission 



























   
 
FT-IR spectra were collected to identify the vibrational frequencies of Co – O bonds in as-
synthesized and calcined samples. While Figure 3.10.a shows the FT-IR spectra for as-
synthesized and calcined powders for sample #15B, Figure 3.10.b depicts the 
representative FT-IR spectra for the calcined powders of samples #7A, #8 and #16B. As 
Figure 3.10. FTIR spectra of (a) as-synthesized and calcined samples from synthesis 15B, and (b) 
calcined samples from syntheses 7A, 8 and 16B. The peaks observed at ~ 560 cm−1 and ~ 660 cm−1 
correspond to Co – O vibrational frequencies of Co3O4 33. See Table 3.1 for synthesis conditions 
of these samples and text for additional details. 
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can be seen from the figure, it is clear that calcined powders consistently show distinct 
peaks that correspond Co – O vibrations. Specifically, the peak at ~660 cm-1 is attributed 
to vibrations of the Co3+ ⎯ O bond, and the peak at ~ 560 cm-1 corresponds to vibration of 
the Co2+⎯O bond34. The additional peaks observed in both as-synthesized and calcined 
samples could be attributed to carbon-based vibrational modes from Tween-80 or capping 
agents like PEG or LTAs in L. rhamnosus. Based on the EDX and FT-IR data, along with 
the fact that Co3O4 crystallizes only in the cubic spinel structure, it can be reasonably 
concluded that calcination of various colored as-synthesized powders in air at 650 C 
produces Co3O4 nanocrystals.  
 
3.2. Zeta potential measurements 
 
The zeta potential can be loosely defined as a measure of the charge on the surface of the 
bacteria. Literature reports a zeta potential of −41 mV in DI water for B. subtilis 36, while 
the zeta potential of L. rhamnosus is reported to be between −10 mV and −12 mV37. Since 
the bacterial species was changed from B. subtilis to L. rhamnosus for this project, the zeta 
potential for each species was recorded and compared to literature values. In DI water, the 
potential of B. subtilis was measured at −49.6 mV, and the potential of L. rhamnosus in DI 
water was measured at −18.0 mV. The zeta potential spectra for each can be found in Figure 
S2. As mentioned in section 2.2.6, the zeta potential is expected to depend on the pH and 
ionic strengths of a solution and since they are not currently available, the observed 
differences from the literature cannot be explained at this point. However, our data is in 
qualitative agreement with previously reported differences in surface charge between the 
two species. This can be understood in terms of the differences in their cell wall structures 
namely, while B. subtilis has both LTAs and WTAs, L. rhamnosus has only LTAs. As 
demonstrated in this project, an average surface charge of −18.0 mV on L. rhamnosus still 
proved effective for the production of Co3O4 nanostructures. 
 
3.3. Proposed mechanism 
Shim et al.6 suggested that the mechanism relies on the teichoic acids of the bacteria. The 
teichoic acids cover the entire surface of the most Gram-positive bacteria and are rich in 
negatively charged phosphate groups. In nature, bacteria in the soil use D-alanine to help 
reduce their surface charge and prevent the adsorption of cations like Mg2+ found naturally 
in the soil through a process simply called D-Alanylation38–41. If the teichoic acids are 
coordinating the adhesion of Co2+ to the bacterial surface, that could explain why large 
chunks of cobalt oxide were seen on the surface of the rods in Figure 3.3. 
 
We propose that, as a first-step the positively charged Co2+ is electrostatically coordinated 
to the negatively charged bacterial surface, and the added BH4− reduces the Co2+ to metallic 
cobalt. Metallic cobalt (dark gray or black in color) spontaneously re-oxidizes in solution 
under atmospheric conditions, most likely, to a cobalt oxy-hydroxide (CoxOy(OH)z), which 
coats the bacterial surface. This would explain why the solution initially turns black upon 
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addition of borohydride then gradually changes to green, blue, brown, gray, purple, etc. 
Finally, upon calcination in air the cobalt oxy-hydroxide coating the bacteria transforms to 
the most thermodynamically stable cobalt oxide, namely Co3O4 (fG ~ −910 kJ/mol @ 
25C) in a crystalline form. Our experiments show that without the bacteria in solution, the 
reduced cobalt stays in the metallic state and doesn’t re-oxidize in solution under the same 
atmospheric conditions. 
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Work presented in this thesis shows that by introducing Co2+ to a suspension of L. 
rhamnosus, followed by a reaction with BH4− and a calcination at 650 °C, it is possible to 
produce Co3O4 rods that match the morphology of the bacterial template. This is supported 
by SEM, pXRD and EDXS measurements. 
 
The implications of this conclusion are significant in several ways. There is now further 
evidence supporting an inexpensive and comparatively safe method for Co3O4 
nanomaterial production. Additionally, the mechanism of formation, if it can be 
conclusively attributed to the negative charge of teichoic acids, would allow for production 
of other metal oxides using L. rhamnosus. Further, because nearly all Gram-positive 
bacteria have teichoic acids, the mechanism could be extended to other Gram-positive 
bacteria of different morphologies, thus giving researches the ability to customize the 
synthesis of metal oxides with various morphologies and properties to suit the desired 
applications. 
 
4.2. Future directions 
 
While the outcomes from this work are significant, there are still several aspects that remain 
unexplored and unanswered. The mechanism’s hypothesized reliance on teichoic acids is 
one such aspect. Their role could be made clearer through two experiments: first, if a 
mutant of L. rhamnosus were to be used in the synthesis, specifically with knock-out 
mutations of teichoic acid synthesis, the negative surface charge of the bacteria would be 
diminished and thus it could be assumed that the formation of Co3O4 would be reduced. 
Alternately, as Gram-positive bacteria often use D-alanine to reduce the charge on their 
teichoic acids to prevent soil-based metals from affixing, it should also be possible to 
introduce D-alanine to the growth media to reduce the surface charge.  
 
Another experiment yet to be performed tests the hypothesized spontaneous re-oxidation 
of Co0 to Co2+ and Co3+. If the synthesis were to be carried out by removing oxygen from 
the solution by bubbling Ar or N2 through it, it should not be possible for Co0 to oxidize. 
That being said, if the Co0 were oxidizing with free hydroxyl groups from the aqueous 
solution, removing the oxygen in solution would not have any impact on this type of re-
oxidation. Another aspect of the spontaneous re-oxidation yet to be determined is whether 
the bacteria play a role in coordinating Co2+ or if the reducing agent reacts with Co2+ in 
solution before anything affixes to the bacteria. To test this, metallic cobalt can be 
introduced directly to the bacterial suspension; if nothing happens, it would suggest the 
Co2+ first affixes to the bacteria and is then reduced and re-oxidized.  
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Finally, after the previous questions have been answered, the experiment could be extended 
to other bacterial species and other metal oxides. This is ultimately the long-term goal of 
this project, as it would have the widest impacts in the many fields exploring applications 
of metal oxides. 
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Supplementary Tables and Figures 
































1A Not Recorded DI water 0.01 0.0125 10 mL/min 45 min 10 mL/min 23.5 H Black 6 H to 200 °C
1B Not Recorded DI water 0.01 0.0125 10 mL/min 45 min 10 mL/min 48 H Black 6 H to 300 °C
2A >2.0 DI water 0.00683 0.00497 10 mL/min 30 min 10 mL/min 24 H Brown/Green 6 H to 300 °C
2B >2.0 DI water 0.00683 0.00497 10 mL/min 30 min 10 mL/min 96 H Brown/Green 6 H to 300 °C
3A Not Recorded DI water 0.00683 0.00625 Instant 18 H 10 mL/min 11 Days Black + Brown 6 H to 300 °C After calcination, half was recalcined
3B Not Recorded DI water 0.00683 0.00625 Instant 11 Days 10 mL/min 18 H Blue + Pink 6 H to 300 °C
4 Not Recorded 0.25 M NaCl 0.00625 0.00625 10 mL/min 3.5 H 10 mL/min 30 min Blue 11 H to 350 °C
5A 0.5 DI water 0.00683 0.00625 Instant 1 H 10 mL/min 20 H Black 2 H to 650 °C Responsive to magnet
5B 0.1 DI water 0.00683 0.00625 Instant 1 H 10 mL/min 20 H Green 2 H to 650 °C
5C 0.5 DI water 0.00683 0.00625 Instant 1 H 10 mL/min 20 H Green 2 H to 650 °C
5D 1.0 DI water 0.00683 0.00625 Instant 1 H 10 mL/min 20 H Green 2 H to 650 °C
6A Not Recorded DI water 0.00313 0.0031 Instant 12 H 10 mL/min 48 H Not Recorded 2 H to 650 °C
6B Not Recorded DI water 0.00313 0.0031 Instant 12 H 10 mL/min 48 H Not Recorded 2 H to 650 °C
7A 0.5 DI water 0.00625 0.00625 Instant 24 H 10 mL/min 18 H Green 3 H to 650 °C
7B 0.5 0.1 vol % Tween 80 0.00625 0.00625 Instant 24 H 10 mL/min 18 H Brown/Green 3 H to 650 °C
7C 0.5 DI water 0.00625 0.00625 Instant 24 H 10 mL/min 18 H Green 3 H to 650 °C
7D 0.5 0.1 vol % Tween 80 0.00625 0.00625 Instant 24 H 10 mL/min 18 H Blue 3 H to 650 °C
8A 1.931 0.1 vol % Tween 80 0.0055 0.005 5 mL/min 1 H 5 mL/min 16 H Brown/Green 3 H to 650 °C Was supposed to be 0.01 mol CoCl2 but the wrong MM was used
8B 0.406 0.1 vol % Tween 80 0.0005 0.0005 5 mL/min 1 H 5 mL/min 16 H Yellow N/A Did not produce enough powder to isolate
9 Not Recorded 0.1 vol % Tween 80 0.0055 0.005 10 mL/min None 10 mL/min 72 H Brown/Green 3 H to 650 °C
11 1.467 0.05 vol % Tween 80 0.022 0.02 10 mL/min None 10 mL/min 24 H Dark Green 3 H to 650 °C
Washed with IPA in sonicator, split after calcination, half stirred in 
IPA for 15 H and half in same with three drops of Tween 80
12A 1.14 0.1 vol % Tween 80 0.0063 0.0125 Instant 36 H 10 mL/min 20 H Green 3 H to 650 °C
12B 1.14 0.1 vol % Tween 80 0.0063 0.0063 Instant 36 H 10 mL/min 20 H Dark Gray 3 H to 650 °C
13A 0.131 10 mL/min 36 H Green 12 H to 650 °C
13B 0.0629 10 mL/min 36 H Black 12 H to 650 °C
13C None Citrate - 0.131 10 mL/min 36 H Pink 12 H to 650 °C
14A 0.0313 10 mL/min 120 H Green 12 H to 650 °C
14B 0.0313 10 mL/min 120 H Green 12 H to 650 °C
15A 0.5 DI water 0.0033 0.0033 10 mL/min 68 H 10 mL/min 45 H Gray-Pink 12 H to 650 °C Powder was very fine, Buchner did not work to isolate
15B 0.5 DI water 0.0033 0.0017 10 mL/min 68 H 10 mL/min 45 H Brown/Green 12 H to 650 °C
15C 1.5 DI water 0.01 0.005 PVP - 1.75 g 10 mL/min 68 H 10 mL/min 45 H Orange/Pink 12 H to 650 °C Powder was very fine, Buchner did not work to isolate
15D 1.7 DI water 0.01 0.01 L-Alanine - 0.02 10 mL/min 45 H 10 mL/min 72 H 12 H to 650 °C 0.005 mol BH4
- did not work, so another 0.005 mol were added
16A 1.995 DI water 0.005 0.005 Instant 48 H 10 mL/min 48 H Light Brown 12 H to 650 °C
16B 1.995 DI water 0.005 0.005 PEG - 1.1 g Instant 48 H 10 mL/min 48 H Light Brown 12 H to 650 °C
After calcination, PEG and powder 16B were added to a flask in 1:1 
mass ratio and spun in 100 mL DI water for ~5 H, then isolated and 
dried
1.440 DI water 0.0137 10 mL/min 36 H
Powder was split three ways, one left as-is, one receiving citrate 
and one receiving PVP as a capping agent
Powders were completely purple after calcination
1.473 DI water 0.0137 10 mL/min 72 H
Solution was split three ways immediately before addition on 
NaBH4, citrate seemed to have no effect on 13C so .131 mol 
NaBH4 was added and allowed to spin for 48 H. No changes 
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Figure S1. Peak shape analysis of pXRD spectrum of sample #15B. Black curve represents the 
experimental spectrum and red solid line represents the cumulative fit to five Gaussian functions 
(see Eq. S1). R2 value was found to be 0.9194 
 











                         (S1) 
 
Here, y0,i is the y-offset for ith peak, xc,i is the center of the ith peak, wi is the width of the ith peak 
and Ai is the area of the ith peak. The composite function representing the red line in Fig. S1 is 
given as: 
𝑦tot = ∑ 𝑦𝑖
𝑖=5
𝑖=1
                  (S2) 
Fit procedure: The red line in Fig. S1 is generated by performing a non-linear regression fit of the 
most intense peaks to Eq. S2 while varying {y0, xc, w, Ai} for each of the peaks.   
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Glycerol Stock Preparation 
• L. rhamnosus bacteria are grown over 24 hours at 37.0 °C in a shaking incubator 
• The optical density is confirmed to be 2.0 (OD at 600 nm) 
• A 50 vol. % solution of glycerol is prepared by stirring together 10 mL of glycerol with 10 
mL DI water until homogeneous 
• To a 5 mL glass vial (safe for -80 °C freezing), 2 mL of the 50% glycerol solution is added 
• To the same vial, 2 mL of bacterial suspension is added 
• The vial is capped and inverted ten times to mix the bacteria and glycerol solution together 
• The vial is placed in a -80 °C freezer 
 
Growing Bacteria from Glycerol Stocks 
• A flask of MRS broth is prepared for L. rhamnosus 
• The glycerol stock is removed from the freezer and uncapped 
• An autoclaved or other sterile sharp object is used to scrape a small amount of glycerol stock 
out of the vial 
• The scraping is added to the broth, and the flask is gently swirled to help the frozen bacteria 
disperse 




(a) The vial should not remain out long enough to thaw, as this reduces the viability of the 
bacteria 
 
(b) A properly stored glycerol stock can remain viable for upwards of 10 years, but the more it is 
handled, the less viable it is. As such, a new stock should be prepared every year or two if it is 
being handled regularly 
